of death worldwide. We have shown that in addition to injuring the lung epithelium, soluble components of cigarette smoke (CS) can be directly injurious to lung endothelial cells by disrupting the lung endothelial barrier function (22) . It is not known whether nicotine, the main component of CS, could be responsible for this effect. Furthermore, it is not known whether inhalation of the vapor released by electronic cigarettes (e-Cig) has similar effects as CS on lung endothelium. Given the increasing use of e-Cig, which results in inhalation of vapor produced by heating nicotine-containing liquid, it is important to define their biological effects on the lung endothelial barrier function.
Previous studies of nicotine in endothelial cells have generated diverse results, showing inhibition of human umbilical vein endothelial cell (HUVEC) proliferation (1) , but enhanced proliferation of endothelial progenitor cells (35) . Furthermore, high doses of nicotine were shown to inhibit cytokines required for neovascularization during bone healing (14, 26) and to affect the vasoreactivity of various vascular networks (8, 9, 16, 17) . However, the effects of nicotine on lung barrier function are not known and, given that the loss of endothelial integrity contributes to lung inflammation and injury, they are important to define.
The mechanisms by which nicotine triggers systemic endothelial cell responses have been shown to involve increases in NO signaling molecules (18) and reactive oxygen species (ROS) (16) , as well as generation of proapoptotic metabolites (28), events that would be expected to also impair lung endothelial barrier function. However, nicotine has been shown to have discrepant effects, either decreasing or increasing the expression of intracellular adhesion molecules in HUVEC (24, 25) via signaling pathways involving PKC, p38, and ERK1/2 MAPK (29, 33) . Little is known about the direct effect of nicotine on the lung cell endothelial barrier and the mechanisms by which nicotine would exert such effects.
Endothelial cellular barrier is tightly regulated by the actomyosin cytoskeleton, whose contraction is governed by myosin light chain kinase (MLCK) and Rho kinase enzymatic activities. We have previously shown that CS extracts caused endothelial barrier dysfunction via oxidative stress, p38 MAPK activation, and ceramide release, which are generated upstream of Rho kinase activation and cellular contraction (22) . In addition, CS-induced barrier dysfunction may be attributed to loss of intercellular tethering forces (22) , which are typically reinforced by sphingosine-1-phosphate (S1P) signaling (10) . We investigated whether nicotine, one of the hundreds of molecules present in CS extracts, is sufficient to alter lung endothelial barrier function by affecting cytoskeletal regulation.
Using measurements of endothelial monolayer barrier function in cultured primary cells via transcellular electrical cellular impedance sensing (ECIS) (27) and in vivo assessment of oxidative stress and extravasated inflammatory cells in the bronchoalveolar lavage, we show that nicotine and e-Cig solutions or vapor condensates cause dose-dependent cell injury manifested by decreased barrier function and decreased cell proliferation, via specific signaling pathways.
MATERIALS AND METHODS

Reagents and Pharmacological Inhibitors
Unless otherwise stated, all chemical reagents were purchased from Sigma-Aldrich (St. Louis, MO). Free radical scavenger and precursor to glutathione N-acetylcysteine (NAC; 0.5 M) and p38 MAPK inhibitor SB203580 (5 M) were from Santa Cruz Biotechnology (Dallas, TX). ERK1/2 inhibitor PD98059 (50 M) and JNK inhibitor SP600125 (50 M) were from Calbiochem (San Diego, CA). The S1P analogs (S)-FTY720 phosphonate (1S), (S)-FTY720 enephosphonate (2S), (R)-FTY720 phosphonate (1R), and (R)-FTY720 enephosphonate (2R) (all solubilized in MeOH) were synthesized as previously described (13) . Ceramide synthase inhibitor, fumonisin (FB1, 10 M), was from Cayman Chemical (Ann Arbor, MI); and the serine palmitoyl transferase inhibitor, myriocin (Myr; 50 nM), was from Biomol International (Plymouth Meeting, PA). The neutral sphingomyelinase (nSMase) inhibitor GW4869 (GW; 20 M) and acid sphingomyelinase (aSMase) inhibitor imipramine (Imi; 50 M) were from Calbiochem. Nicotine solutions [Vanilla Dream (e-Cig 1), Kentucky Prime (e-Cig 2), and nicotine-free Kentucky Prime] were obtained from Sigma. E-Cig solutions for vaporization were purchased from World of Vapor (Indianapolis, IN). E-Cig used to generate vapor (iClear 16) was from Innokin (Shenzhen, China).
Cells
Primary rat lung endothelial cells (RLEC; from Dr. Troy Stevens, University of Southern Alabama) and human bronchial epithelial cell line Beas-2B (American Type Culture Collection, Manassas, VA) were cultured in DMEM with high glucose (DMEM-HG) from Invitrogen (Hercules, CA) containing 10% FBS and 1% penicillin/ streptomycin. Primary mouse lung endothelial cells (MLEC; from Dr. Patty Lee, Yale University) were grown as RLEC but with 20% FBS. Primary human microvascular cells-lung derived (HMVEC-LBl; Lonza) were grown in Endothelium Cell Growth Basal Medium (EBM-2) with supplements (EGM-2MV SingleQuot Kit supplemented with growth factors). All cultures were maintained at 37°C with 5% CO 2. Before treatments (2 h), the culture medium was replaced with basal media containing 2% FBS.
Transcellular Electrical Resistance Measurements
Electrical resistance across cell monolayers was measured using ECIS (Applied Biophysics, Troy, NY), as previously described (20) . Cells were cultured on gold microelectrodes and the total resistance was measured in real time across monolayers and recorded continuously every 2-4 min over 24 h. Shown in the figures are select (e.g., 5-h and 20-h) time points as representative of changes induced by exposures studied. Experiments were conducted after cells were confluent [i.e., transendothelial electrical resistance (TER) achieved a steady state]. TER values (in ohms) for each time point were normalized to the initial resistance value (at the beginning of the recording) and plotted as normalized TER.
Animal Experiments
All experiments were performed according to Indiana University School of Medicine Institutional Animal Care and Use Committee guidelines and approved protocols. C57Bl/6 mice (4-mo-old females) were nebulized (nebulizer unit 2.5-4.0 VMD, Aerogen; Galway, Ireland) using either one dose of nicotine (2 g) and harvested immediately, or two doses of e-Cig solution (1 g each) and harvested after either 30 min or 24 h. Controls were nebulized with saline and harvested at similar time points.
Oxidative Stress Measurements
Mouse plasma and bronchoalveolar lavage fluid. As a marker of oxidative damage, 8-hydroxydeoxyguanosine (8-OHdG) was quantified in plasma (1:10 dilution) or bronchoalveolar lavage fluid (BALF) using an OxiSelect Oxidative DNA Damage ELISA kit (Cell Biolabs; San Diego, CA). Total nitrotyrosine was determined in plasma (1:10) using competitive ELISA (Hycult; Uden, Netherlands) following the manufacturer's specifications.
Rat lung endothelial cells. Cells were grown on gelatin-coated coverslips pretreated with nicotine (10 mM, 30 min) with or without NAC (0.5 M). ROS were detected using an Image-iT LIVE Green Reactive Oxygen Species Detection Kit (Invitrogen) following the manufacturer's instructions. Nuclei were stained using DAPI (Invitrogen). Photographs were captured using a Nikon 80i fluorescent microscope.
CS Extract and e-Cig Vapor Condensate
Aqueous CS extract was obtained from filtered research-grade cigarettes (2R4F) or nicotine-free cigarettes (1R5F) from the Kentucky Tobacco Research and Development Center (University of Kentucky, Lexington, KY) as previously described (22) . A stock CS extract (100%) was prepared by bubbling smoke from two cigarettes into 20 ml of PBS at a rate of 1 cigarette/min to 0.5 cm above the filter, followed by pH adjustment to 7.4 and 0.2-m filtration. A similar procedure was followed for air control (AC) extract preparation by bubbling ambient air. Treatments were performed with CS or AC extract concentrations ranging from 1% to 20% (vol:vol). Condensed e-Cig vapor was collected in a 25-ml side-armed Erlenmeyer flask placed under vacuum while connected to the e-Cig via Tygon tubing. The temperature of the heating coil inside the e-Cig was not measured. A vacuum trap was created to collect the postvaporized condensate of e-Cig solutions using a gel-loading tip as a constriction point. A total of 125 l of condensate was collected from vaporization of 600 l of e-Cig solution over ϳ30 min and applied to cell cultures in indicated concentrations (vol:vol).
Ceramide Determination
Following treatments, the culture medium was washed with PBS and cells were collected in methanol, followed by lipid extraction utilizing a modified Bligh and Dyer method, and sphingolipid analyses were performed via combined liquid chromatography-tandem mass spectrometry using an AB-Sciex API4000 triple quadrupole mass spectrometer (Foster City, CA) interfaced with an Agilent 1100 series liquid chromatograph (Agilent Technologies, Wilmington, DE) as previously described (19) . Ceramide analytes were ionized via positive ion electrospray ionization. Elution of the ceramides was detected by multiple reaction monitoring characteristic for 14:0, 16:0, 18:0, 18:1, 20:0, 24:0, and 24:1 ceramides. C17:0-ceramide was employed as an internal standard. All ceramide measurements were normalized by lipid phosphorus (P i) (19) .
were plated in triplicate at 2,500 cells/ml for 18 h and the medium was then replaced with 2% FBS-containing medium with inhibitors or their vehicle controls for 2 h, followed by addition of nicotine and overnight incubation before assay. An assay using the Cell Counting Kit-8 (CCK-8; Dojindo, Rockville, MD) was performed on 1.6 ϫ 10 4 cells/well plated on 96-well tissue culture plates and treated the next day as indicated. The kit's CCK-8 solution was added and the plate was read using a spectrophotometer at 450 nm. Cytotoxicity/LDH assay (Roche, Indianapolis, IN) was performed in HLMVEC plated in triplicate onto 96-well dishes at 20 ϫ 10 5 or 50 ϫ 10 5 cells/well.
Immunoblotting
Cells were grown in six-well dishes, washed with ice-cold PBS immediately after treatment, and collected by centrifugation. Cells were lysed in standard RIPA buffer with protease and phosphatase inhibitors (Complete and Phostop, respectively; Roche). Samples containing equal protein amounts as determined by bicinchoninic acid protein analysis (Pierce; Rockford, IL) were resolved using SDS-PAGE, transferred onto polyvinylidene difluoride using semidry transfer (Bio-Rad; Hercules, CA), and probed with the following primary antibodies (all from Cell Signaling, Beverly, MA, unless otherwise stated): phospho-p38 (1:500); total p38 (1:1,000); phospho-MLC (1:500); and phospho-myosin phosphatase target subunit 1 (phos-MYPT1, 1:500). Horseradish peroxidase-conjugated secondary antibodies to rabbit, rat, or mouse were from Amersham (Piscataway, NJ). Protein expression was detected using enhanced chemiluminescence (ECL-plus; Amersham), quantified by densitometry, and normalized by a housekeeping protein, vinculin (1:10,000; Calbiochem).
Nuclear Magnetic Resonance
Samples for NMR spectroscopy were prepared by dissolving 25 l of e-Cig solution (World of Vapor) in 675 l of [ 2 H4] methanol from Cambridge Isotope Laboratories (Andover, MA). NMR spectra at 1 H were acquired at 25°C on a Varian Inova 500 equipped with a 5-mm triple-resonance pulsed-field gradient probe. All spectra were acquired with 90°pulse with 8,192 complex points, 64 transients, and 3-s recycle delay.
Mass Spectrometry
One microliter of each sample was diluted with 199 l of 50% acetone nitrile in water with 0.1% formic acid. The samples were analyzed using a Thermo Scientific Orbitrap Velos Pro hybrid ion trap-Orbitrap mass spectrometer through direct infusion using a syringe pump. The flow rate was 3 l/min and the resolution was 60,000.
Gas Chromatography-Mass Spectrometry
All experiments used an Agilent 6890N gas chromatograph coupled with an Agilent 5975 mass spectrometer. The method utilized an oven program with an initial temperature of 40°C held for 1 min, a ramp of 20°C/min, and a final temperature of 300°C held for 1 min. The carrier gas was hydrogen, with a flow rate of 2.5 ml/min and a split ratio of 20:1. The inlet was set at 250°C. The mass spectrometer operated in electron ionization mode, with a scan range of m/z 50 -550, and a solvent delay of 2 min. In an initial experiment to determine the ingredients of each sample, 25 mg of nicotine, nicotinecontaining, and nicotine-free e-Cig solutions, and e-Cig condensed vapor were placed in a 25-ml volumetric flask and diluted to the mark with dichloromethane. The samples were filtered with a polytetrafluoroethylene syringe filter and analyzed. In a separate quantitation experiment, nicotine and quinoline were diluted with dichloromethane to produce four standard solutions: a 100 mg/ml nicotine, 1 mg/ml quinoline solution; a 10 mg/ml nicotine, 1 mg/ml quinoline solution; a 1 mg/ml nicotine, 1 mg/ml quinoline solution; and a 0.1 mg/ml nicotine, 1 mg/ml quinoline solution. The ratio of nicotine to quinoline in each standard was determined by peak integration, and this information was used to create a calibration curve. Approximately 50 mg of three condensed vapor samples was transferred into a 2-ml volumetric flask, spiked with 2 mg of quinolone, and diluted to the mark with dichloromethane. These samples were also analyzed via gas chromatography-mass spectrometry using the same method and compared against the calibration curve to determine the amount of nicotine in each sample.
Statistical Analysis
SigmaStat 3.5 (San Jose, CA) or Prism 6 (San Diego, CA) software was utilized for comparisons among groups by ANOVA as indicated, followed by intergroup comparisons with Tukey's post hoc testing. For experiments in which two conditions were being compared, a two-tailed Student's t-test was used. All data are expressed as means Ϯ SE and statistically significant differences were considered if P Ͻ 0.05.
RESULTS
To investigate the contribution of nicotine in CS extract to the loss of lung endothelial barrier function, we compared the effect of soluble extract from nicotine-containing and nicotinefree cigarettes. Primary RLEC exposed to nicotine-containing CS extract (10% vol:vol) exhibited increased monolayer permeability as measured by ECIS in a time-dependent manner, with ϳ40% decrease in TER at 5 h and ϳ50% at 20 h (Fig.  1A) , consistent with our previous report (22) . In contrast, similar concentrations of nicotine-free CS extract had a markedly diminished effect, with no loss of barrier function at 5 h and only ϳ 30% loss of TER at 20 h (Fig. 1A) . These results suggest that nicotine directly contributes to the damaging effect of soluble CS extract on lung endothelial barrier. We next tested whether exposure to nicotine itself decreases the endothelial barrier function. Upon incubation of primary RLEC with increasing concentrations of nicotine (up to 50 mM for up to 15 h), we noted significant time-and dose-dependent decreases in TER (Fig. 1B) . Using a similar setup, monolayers of primary mouse lung endothelial cells or human lung microvascular endothelial cells challenged with nicotine exhibited similar time and dose-dependent decreases in TER (Fig. 1, C and  D) , indicating that nicotine effects are not species-specific. Similar to pure, analytical-grade nicotine solutions tested above, two separate nicotine-containing solutions (e-Cig 1 and e-Cig 2) used for vaporization in commercially available eCigs also triggered barrier dysfunction in RLEC, consistent with their purported nicotine concentration ( Fig. 2A) . Unexpectedly, barrier dysfunction was also induced by exposures to similar volumes of an e-Cig solution (e-Cig 2) that lacked nicotine ( Fig. 2A) . Of note, the nicotine-free e-Cig 2 was marketed as having the same flavor as nicotine-containing e-Cig 2 and shared the same manufacturer. Since vaporization of e-Cig solutions may generate different metabolites than the original solution due to heating, we investigated whether the condensed vapor isolated from an e-Cig affected the endothelial barrier. For similar volumes as nicotine solutions, the e-Cig vapor condensate was less potent on altering RLEC barrier function ( Fig. 2A) . The barrier disruptive effect of e-Cig solutions on human lung endothelial cells was nicotine dose related ( Fig. 2B) and of similar magnitude to that caused by exposures to 3% CS extract, a relatively low concentration we have previously shown to not cause cell death (22) . The vapor condensate of e-Cig also caused a dose-related loss of endo-thelial barrier that required a higher volume compared with nonvaporized solutions of e-Cig (Fig. 2C) .
These results suggested that although nicotine in CS extracts is sufficient to trigger endothelial barrier dysfunction, the effects of e-Cig solutions and vapors are only in part nicotinedependent. Since commercially available e-Cig extracts and vapors are not well regulated or biochemically defined, we determined the composition of these solutions compared with that of CS extract and analytical-grade nicotine solutions. NMR confirmed the presence of nicotine in e-Cig solutions marked as nicotine-containing and confirmed the lack of nicotine in nicotine-free e-Cig solutions tested (Fig. 3A) . In addition, NMR detected the propylene glycol and glycerol in e-Cig solutions, and acrolein in e-Cig vapor condensate. These compounds, in particular nicotine, acrolein, and glycerol, were confirmed using high-resolution mass spectrometry (MS) (Fig.  3B ) by comparing the monoisotopic mass of each compound with its theoretical monoisotopic mass (Table 1) . MS could not detect propylene glycol, likely because of its poor ionization, but confirmed the lack of nicotine in nicotine-free e-Cig solutions and, demonstrating increased sensitivity compared with NMR, detected acrolein not only in condensed e-Cig vapor, but also in all e-Cig solutions tested. This finding suggested that heating e-Cig solutions produced vapor was not a necessary step to produce acrolein. We confirmed these results using a third complementary method, gas chromatography (GC) (Fig.  3C) . Quantitative GC analysis determined that the condensed e-Cig vapor generated for our experiments lost up to four times the nicotine compared with the e-Cig (stock) solutions used for vaporization. These measurements suggested that the concentrations of nicotine used in these experiments are within the range of nicotine that is inhaled by the average smoker per cigarette (1-2 mg total nicotine).
Given the relatively high concentrations of nicotine applied to cells in cultures, we ensured that the nicotine effect on the endothelium was not due to cell toxicity/necrosis, as determined by lactate dehydrogenase (LDH) release (data not shown). However, nicotine exposure of RLEC significantly and dose-dependently decreased MTT activity, a test that reflects cellular metabolic activity and decreased CCK8 activity, a marker of cellular proliferation (Fig. 4, A and B) . Nicotine-containing e-Cig solutions had similar inhibitory effect on endothelial proliferation as measured by CCK8 activity (Fig. 4C) . These results indicated that nicotine and e-Cig even at nontoxic (nonlethal) exposure levels significantly impact the behavior of relevant primary cell cultures.
To investigate whether inhalation of nicotine and e-Cig solutions also trigger short-term (immediate, 30 min, or 24 h) pulmonary responses in vivo, we administered 1 g of nicotine or 2 g of e-Cig to mice via nebulization. These doses are equivalent to smoking one or two cigarettes, respectively. There was a trend toward a rapid increase in polymorphonuclear cells in the BALF at 24 h (Table 2) indirectly reflecting a permissive endothelial barrier for inflammatory cell extravasation. In addition, there was evidence of systemic oxidative and nitroxidative stress, indicated by increased 8-OHdG and nitrotyrosine levels in plasma in response to inhalation analytical-grade nicotine (Fig. 5, A and B) . These changes were paralleled by increases in the oxidative stress marker 8-OHdG levels in the BALF (Fig. 5C ). Oxidative stress tended to increase by ϳ15% and ϳ10% compared with saline vehicle in mice exposed to e-Cig solutions, as measured by 8-OHdG levels in plasma and BALF, respectively (data not shown). Overall, these studies indicate that even brief exposures of lungs to nicotine via inhalation are associated with pulmonary responses such as inflammation and oxidative stress, which may cause or be the result of altered lung endothelial barrier function. A direct oxidative stress-inducing effect of nicotine exposure was confirmed in cell cultures using a fluorescentlylabeled ROS indicator and the ROS scavenger NAC (Fig. 5D) .
To define the signaling pathways by which nicotine impairs lung endothelial barrier function, we focused on the mecha- nisms previously shown to be important in CS extract-induced endothelial permeability such as ROS, MAPK, and sphingolipid pathways, as well as cytoskeletal/cellular contractility effectors (22) . ROS played a critical role in the upstream activation of signaling pathways induced by CS extract, which decreased the lung endothelial barrier in cell culture models (22) . Despite increased ROS induced by nicotine in vivo and in vitro, treatment of RLEC with NAC, a potent ROS scavenger that attenuates CS extract-induced barrier dysfunction (Fig.   6A ), failed to reduce the nicotine-induced loss of barrier in these cells. This result suggested that the mechanism by which high concentrations of nicotine-induced barrier dysfunction may be distinct from those engaged by whole CS extract (containing lower nicotine concentrations).
At concentrations shown to cause barrier dysfunction, nicotine significantly activated p38 MAPK in RLEC, similar to CS extract, whereas nicotine-free CS extract (in similar con- centrations) failed to induce phospho-p38 (Fig. 6B) . Despite nicotine-dependent activation of p38 MAPK, treatment of RLEC with p38 inhibitor SB203580 (5 M) did not reduce nicotine-induced endothelial permeability (Fig. 6C) . Because neither the ERK inhibitor PD98059 (at 50 M) nor the JNK inhibitor SP600125 (at 50 M) attenuated nicotine-induced endothelial cell permeability (data not shown), we conclude that nicotine induces MAPK-independent alterations in the lung endothelial barrier. Nicotine activated the actin-myosin apparatus, as measured by increased phosphorylation of MLC (Fig. 6D) . Nicotineinduced MLC phosphorylation was partially inhibited by the ROS scavenger NAC and abolished by p38 inhibitor (Fig. 6D) . MLC phosphorylation occurs by activation of the MLC kinase (MLCK) or by inhibition of MLC phosphatase. We investigated whether the myosin phosphatase target subunit 1, MYPT1, is inhibited (via phosphorylation) during nicotine exposure. Nicotine increased MYPT1 phosphorylation within 15 min of application, and for up to 60 min (Fig. 6E) .
Nicotine-induced MYPT1 phosphorylation was prevented by treatment with the Rho kinase inhibitor Y27632 (Fig. 6E) . Unlike NAC or p38 inhibition, Rho kinase inhibition significantly attenuated nicotine-induced barrier dysfunction in RLEC (Fig. 6F) , implicating a critical role for Rho kinaseinduced MYPT1 inhibition for nicotine's effect on endothelial permeability.
We have previously shown that Rho kinase was also a key mediator of endothelial permeability induced by CS extract, and that ceramides were involved in the upstream signaling leading to Rho kinase activation. We therefore interrogated the role of the sphingolipid pathway in nicotine-induced endothelial effects. First, nicotine exposure significantly increased Cer 16:0, total ceramides, and total dihydroceramides (precursors of ceramides in the de novo sphingolipid pathway) in RLEC (Fig. 7A) . This effect was not cell type-or host speciesspecific, because incubation of cells in the human bronchial cell line Beas-2B with varying concentrations of nicotine also caused a significant and dose-dependent increase in total cer- amides (Fig. 7B ) and dihydroceramides (data not shown). Pharmacological inhibition of neutral sphingomyelinase, or any of the other enzymes involved in ceramide production such as acid sphingomyelinase, serine palmitoyltransferase, and ceramide synthase (with imipramine, myriocin, and fumonisin B1, respectively) did not attenuate the nicotine-induced decrease in TER (Fig. 7C) . In contrast, treatment with analogs of S1P, a barrier-enhancing, downstream metabolite of ceramide, significantly attenuated nicotine-induced endothelial permeability in RLEC (Fig. 7D) . We tested S1P analogs because the S1P molecule has a short duration of action and it is impractical to use with exposures that lead to a relatively slow onset of increased permeability. Indeed, concomitant treatment of S1P (5 M) with nicotine did not attenuate permeability responses to nicotine (data not shown). Nonetheless, FTY720 mono-(1) or bi-(2) phosphonate enantiomers (R or S) of the S1P analog FTY720, significantly inhibited the decrease in lung endothelial permeability triggered by nicotine exposure (Fig. 7E) . This effect was associated with decreased nicotineinduced MYPT1 and MLC phosphorylation (Fig. 7F) , suggesting that FTY720 analogs affected, at least in part, actin cytoskeletal contraction. Because S1P is also a pro-proliferative signaling molecule, we investigated whether increased endothelial cell proliferation could explain improvement in the endothelial barrier induced by the S1P agonists. Interestingly, only the FTY-2S agonist significantly increased cell proliferation, as measured by the MTT assay (Fig. 7G) , indirectly suggesting that cell proliferation is not the main mechanism by which S1P agonists exert barrier protective effects in response to nicotine. Because it is not known whether S1P could also ameliorate CS extract-induced permeability, we interrogated the effect of S1P agonists in primary human lung microvascular endothelial cells, along with its dependence on S1P receptor 1 (S1P1) signaling. All FTY agonists, with the exception of FTY-1S, significantly improved CS extract-induced endothelial permeability; this effect was abolished by knockdown of S1P1 with specific siRNA (Fig. 7H) . These studies revealed that nicotine triggers selective signaling pathways that partially Fig. 6 . Signaling in nicotine-induced endothelial barrier dysfunction. A: normalized TER measured in rat lung endothelial cells exposed to CS (10%) or to nicotine (15 mM) for the indicated time (hours), and effect of the antioxidant N-acetylcysteine (NAC, 0.5 M, means Ϯ SE, n ϭ 2-12). B: p38 MAPK activation by nicotine in lung endothelium detected by Western blot analysis for phospho-and total p38 (␣, ␤, ␥, and ␦ isoforms) in rat lung microvascular endothelial cells (RLEC) exposed to ambient air control extract (AC), CS extract (CS), or nicotine solution at the indicated concentrations and time points. The blot is representative of n ϭ 3. C: normalized TER measured in RLEC exposed to nicotine (15 mM) for the indicated time (hours), and effect of a p38 inhibitor (SB203580, 30 M, means Ϯ SE, n ϭ 6 -50), one-way ANOVA with Tukey's post hoc test. D: myosin light chain kinase activation detected by immunoblotting for phospho-myosin light chain (Ser19) of RLEC following exposure to nicotine solution (15 mM for 1 h) in the absence or presence of the antioxidant NAC (0.5 M), the ERK-MAPK inhibitor PD98059 (PD 50 M), or the p38 inhibitor SB203580 (SB, 30 M). E: myosin phosphatase inhibition detected by phosphorylation of myosin phosphatase target subunit 1 (MYPT1) in RLEC exposed to nicotine (15 mM) for the indicated time points in the presence of 3 M Rho kinase inhibitor Y29632 (RhoKinh). F: normalized TER measured in RLEC exposed to nicotine (10 mM) for the indicated time, and effect of a Rho kinase inhibitor (Y29632, 3 M). Values are means Ϯ SE, n ϭ 10, one-way ANOVA with Tukey's post hoc test.
overlap those engaged by CS extract to disrupt the barrier and proliferative functions of endothelial cells (Fig. 8) .
DISCUSSION
The results presented indicate that nicotine has dose-related deleterious pulmonary effects that result in loss of lung endothelial barrier function, acute lung inflammation, and decreased lung endothelial cell proliferation. These findings enhance our understanding of how CS exposure causes inflammation and further elucidate the pulmonary effects of nicotine inhalation.
The preservation of an intact endothelial barrier is determined by a balance of contracting cytoskeletal forces and the integrity of cell-cell contacts, both of which can be affected by exposure to soluble components of CS extract (22) . In this work we identified that nicotine, which can be absorbed in the circulation as a component of CS or e-Cig, disrupts endothelial barrier by increasing actomyosin contractile signaling, primarily by Rho kinase-dependent phosphorylation and therefore inhibition of endothelial myosin phosphatase, causing increased MLC phosphorylation. Interestingly, although nicotine caused oxidative stress and activated p38 MAPK similarly to CS extract (22) , neither p38 MAPK inhibition nor the ROS scavenger NAC were sufficient to restore barrier function following nicotine exposure, in contrast to their remarkable effect on CS-induced barrier dysfunction. These results suggest several possible explanations that include a threshold of MLC phosphorylation that is needed for barrier dysfunction, which is achievable by Rho kinase activation but not by p38 MAPK alone. Such a concept is supported by a recent report in which Rho kinase was found, under certain conditions, to activate p38, but not vice versa (34) . Alternatively, nicotine-activated Rho kinase may have additional targets that cause barrier dysfunction besides MLC phosphorylation, as supported by the recent finding of a critical role for Rho kinase isoform 2 in regulating cellular junctional tension (2). Finally, at least theoretically, nicotine-activated p38 MAPK may have additional unexpected barrier-enhancing activities that counteract its MLC phosphorylation effects. Either inhibition of Rho kinase or enhancement of S1P to S1P1 signaling significantly counteracted the barrier-disruptive effects of nicotine (Fig. 8) and CS extract. The novel finding of a protective effect of S1P1 agonists on the CS/nicotine-disrupted endothelial barrier is not surprising given reports of similar S1P1-dependent protective effects of FTY phosphonates against lung endothelial permeability during sepsis or acute lung injury (23, 31, 32) , or during synergistic conditions of cystic fibrosis transmembrane conductance regulator (CFTR) inhibition and CS extract exposure (3). FTY phosphonates acted at least in part by activating MYPT1 and inhibiting MLC phosphorylation, although an additional effect on intercellular tethering cannot be ruled out. That S1P augmentation did not recapitulate the effects of FTY phosphonates may be due to the short half-life of the molecule, or to complementary, S1P-independent mechanisms of action of FTY phsosphonates (7) .
Using various pharmacological inhibitors of nicotinic receptors to test their involvement in nicotine's effects on the pulmonary endothelium, we could not identify a protective effect against barrier dysfunction (data not shown). However, it is possible that untested receptors and other mediators may regulate nicotine-altered endothelial barrier function. This may be true especially in response to high, cytotoxic nicotine exposure levels shown to inhibit prostaglandin and endothelin expression in bovine pulmonary endothelial cells (25) , but these were not studied here. The concentrations of nicotine used in our cell culture studies were derived from detailed dose-response testing, were noncytotoxic, and induced significant effects at levels higher than those absorbed in the circulation by individuals who smoke, but which may be achieved in tissue levels with high nicotine concentrations, such as the lung (6, 30) . The effect of nicotine on barrier function may be organ dependent because other studies have shown an improvement in the gut barrier function by cholinergic actions of nicotine on enteric glial cells (4) .
Although many of the nicotine effects on the lung endothelium were dose-dependent, nicotine-independent deleterious effects of e-Cig solutions were also noted. We have identified acrolein as putative mediator for nicotine-independent toxicity on the basis of its presence in both e-Cig solution and vapor and on a large body of literature showing adverse pulmonary effects of acrolein, including on endothelial intercellular tethering molecules (12) . The signaling effects on nicotine-free e-Cig vapors on the lung endothelial barrier remain to be investigated.
The noted dose-dependent antiproliferative effects of nicotine on lung endothelial cells may have implications in angiogenesis and in lung injury repair. Our results on primary lung endothelial cells are in contrast to pro-proliferative effects of nicotine on human umbilical vascular endothelial cells (11) , systemic vasculature, or on lung cancer cells (15) , suggesting cell type-specific effects of low-dose nicotine. Nicotine activates Rho kinase, which in turn inhibits the myosin phosphatase target subunit 1, MYPT1, enhancing phosphorylation of myosin light chains (MLC-P) to increase endothelial permeability. Rho kinase may have other targets in the cell to increase endothelial permeability because nicotine-induced oxidative stress (ROS)-dependent p38 MAPK activation also contributed to myosin light chain phosphorylation (MLC-P), but not sufficiently to alone increase permeability. Nicotine also increases the ceramide/sphingosine-1-phosphate (S1P) ratios, which may inhibit lung endothelial cell proliferation. Enhancing S1P signaling opposes the decreased cell proliferation and the increase in permeability induced by nicotine in part by inhibiting MLC phosphorylation and restoring the lung endothelial barrier function.
Intravital lung microcopy in animals with intact circulation (no pump-perfusion) demonstrated that the in vitro finding of CS extracts causing decreased endothelial barrier function was paralleled by increased lung inflammation in vivo, as measured by increased adherence of circulating leukocytes to the lung microvasculature within 20 min of CS inhalation, without pulmonary edema (21) . This previous work led us to complement our investigations of nicotine in cell culture models with in vivo studies of acute lung and systemic effects of nebulized nicotine and e-Cig extracts, mimicking the inhalation of e-Cig vapors by humans. We found that nicotine and e-Cig extracts caused rapid oxidative and nitroxidative stress observed in the BALF and plasma as well as a trend toward greater neutrophil lung inflammation at 24 h following inhalation as measured by the relatively less sensitive method of BALF cytospins, rather than intravital microscopy. Although future studies will determine how these acute inflammatory lung responses translate into long-term effects of recurrent e-Cig exposures, we anticipate these will include dose-dependent sustained oxidativestress and inflammatory lung damage with limitation of endothelial repair. In this context, ceramide/S1P balance may serve as an important rheostat of alveolar integrity, as was observed in experimental models of COPD (5) . By augmenting barrierenhancing and angiogenic S1P signaling via S1P1, such as was shown here with pharmacological agonists, one may be able to improve barrier function in vivo and potentially attenuate the chronic damage caused by e-Cig inhalation.
The clinical implications of this work related to the potential detrimental lung effects of exposure to e-Cig. Although further studies are needed to determine the usual levels of absorbed e-Cig vapor that are harmful to human lung health, our results in primary human and murine lung endothelial cells and in animal models indicate they are dose related.
